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The extent, time course, and reversibility of mitochondria] Ca 2+ uptake secondary to cellular Ca 2+ influx stimulated by massive Na + efflux were evaluated by electron probe microanalysis of rabbit portal vein smooth muscle. Strips of portal vein were Na + loaded for 3 hours at 37° C in a K + -free 1 mM ouabain solution, after which rapid Na + efflux was induced by washing with a Na + -free K + -Li + solution (1 mM ouabain). Li* washing Na + -loaded portal vein produced a large transient contraction accompanied by an increase (over 100-fold) in mitochondrial Ca 2+ and also significant (p<0.05) increases in phosphorus and Mg1*. The Ca 1+ loading of the mitochondria was reversed during prolonged Li+ wash, and by 2 hours, mitochondrial Ca 2+ , Mg i+ , and phosphorus had returned to control levels. The maximal contractile response to stimulation remained normal, demonstrating that pathologic Ca 2+ loading of mitochondria is reversible in situ and compatible with normal maximal force developed by the smooth muscle. Mitochondrial Ca 2+ and phosphorus uptake were reduced but still significant when the Li + wash contained 0.2 mM Ca 2+ or when ouabain was omitted. The fact that mitochondrial Ca 2+ loading accompanied submaximal contractions during 0.2 mM Ca 2+ -Li wash suggests "supranormal" affinity of mitochondria for Ca 2+ and may be due, in part, to reverse operation of the mitochondrial Na + -Ca 2+ exchanger. Mitochondrial Ca 2+ , Mg"+, and phosphorus uptake were eliminated when the Li+ wash was performed at 2° C or when the wash contained no Ca 2+ . T he low endogenous calcium content of mitochondria in normal cells and the fact that mitochondria do not play a significant role in the physiologic regulation of cytoplasmic calcium are now well established, largely through electron probe x-ray microanalysis (EPMA) of rapidly frozen, intact cells.' This conclusion is also consistent with the low affinity (apparent K m 10-20 fiM) of mitochondria for Ca 2+ , 2 ' 3 which is not compatible with significant rates of mitochondrial Ca 2+ transport at physiologic cytoplasmic [Ca 2+ ]. It is equally well known, 4 -3 however, that mitochondria can accumulate very large amounts of Ca 2+ in situ, frequently in the form of granules, when exposed to abnormally high [Ca 2+ ] (>10~3 M), and it has been suggested that this accumulation may contribute to cell death and pathologic calcification. 5 -6 In our laboratory, abnormal loading of mitochondria with Ca 2+ has been noted during the course of EPMA* studies of Na + efflux from Na + -loaded smooth muscle into Li + solutions. 7 The purpose of the present study was to characterize this mitochondrial Ca 2+ loading and to determine whether such large and abnormal increases in mitochondrial Ca 2+ are reversible and compatible with cell survival. The study also showed that mitochondrial Ca 2+ loading is temperature-dependent, is enhanced by inhibition of the Na + pump during Na + efflux, and is accompanied by a large increase in mitochondrial Mg 2+ . Preliminary observations of some of these findings have been published. 8 -9 
Materials and Methods

Tissue Preparation
Male New Zealand white rabbits (2-2.5 kg body weight) were rapidly killed by cervical dislocation, and the portal anterior mesenteric vein (RPAMV) was quickly excised and placed in a well-oxygenated Krebs saline solution (see below). Longitudinal strips of RPAMV (with the adventitia gently removed) were stretched to 1.7 x slack length, mounted on stainless steel holders, and equilibrated in Krebs buffer for 90 minutes. Isometric tension was monitored with a Kulite Load Cell transducer (Kulite Semiconductor Products,
•Electron probe x-ray microanalysis measures total (bound and free) ions. As a matter of convenience and in view of considerable evidence that monovaJent ions are primarily in solution, the conventional notation for intracellular ion concentrations (indicating the charged species) has been used in the present manuscript, although it is clearly incorrect in the case of divalent cations.
Inc., Ridgefield, N.J.) and recorded on a Western Graphtec Recorder (Irvine, Calif.). Tension measurements were expressed as percent of the maximal response of the same strip tol40 mM K + with 3x 10~5 M norepinephrine (NE). The strips were incubated inside an environmental chamber designed to maintain a constant temperature (37° C or 2° C) and high humidity level until the instant when the strips were frozen. 10 Freezing was performed as previously described 10 " and involved the rapid propulsion of a beaker of supercooled Freon (-164° C) into the environmental chamber.
After the equilibration period, the strips were Na + enriched in a K + -free, Na + -loading Krebs solution containing 1 mM ouabain (see below) for 3 hours at 37°C
. 3) The effect of hypothermia on mitochondrial Ca loading during Na washout was determined by washing the strips with the Na-free Li solution in the presence of 1 mM ouabain and 1.2 mM CaCl 2 for 10 minutes at 2° C. 4) The effect of the Na pump on mitochondrial Ca accumulation was evaluated by omitting ouabain from both the Na + -loading (K-free) solution and the 10-minute Li wash. Finally, the reversibility of mitochondrial Ca loading was determined by measuring mitochondrial calcium after Li + wash for 30,60, or 120 minutes. Frozen strips from all experiments were stored in liquid nitrogen.
Because data within certain groups did not follow a normal distribution, variation among the groups was tested by a nonparametric one-way analysis of variance (Kruskal-Wallis) and was considered significant when p<0.05. When significant differences were found among the groups, variation betweentwo particular groups was tested with the Mann-Whitney U-test and considered significant when p<0.05. 13 Although these tests employ sample medians, all values reported here represent the sample mean±SEM.
The Krebs solution contained (mM) NaCl 125. 
Cryosectioning and EPMA
Transverse cryosections (100-200 nm thick) were obtained with a modified LKB ultracryotome as previously described. 1413 Thin tissue sections were mounted on carbon-film-covered, 200-mesh copper grids, carbon-coated, and analyzed on a Philips EM400 transmission electron microscope equipped with a 30-mm 2 Kevex Si (Li) x-ray detector and a Kevex 7000 multichannel analyzer and interfaced to a VAX 11-750 computer. Carbon films were made of spectrographically pure carbon rods and were routinely checked with EPMA to ascertain that they were free of contaminating Ca 2+ . 7 All analyses were performed on a Gatan liquid nitrogen-cooled stage maintained at -100° C. The partial H 2 O vapor pressure in the microscope column during analysis was 4 to 6xlO~9 torr. The methods used for quantitative EPMA, which have been published in detail, are corrected for minor, unavoidable shifts in detector calibration to improve the precision of Ca measurements and are based on the fact that the ratio of the characteristic continuum x-rays generated from a specimen by the electron beam is a measure of the concentration of the element giving rise to the characteristic x-rays. Probe sizes were 1-1.5 /xmdiameter for the analysis of large areas of cytoplasm and 0.15-0.3 /nm for the analysis of mitochondria.
Results
When RPAMV is Na
+ loaded for 3 hours in a K + -free Krebs solution containing 1 mM ouabain at 37° C, mitochondrial Na + increases to 903 mmol/ kg dry wt; this concentration is 6 times higher than the Na + in normal mitochondria. 7 The changes in the monovalent (K + , Na + , Cl~) ionic composition of the mitochondria in Na + -loaded cells generally reflected the cytoplasmic changes in these cells in which cellular Na + increases 7 times to 1,271 mmol/kg dry wt. 7 Washout of Elevated Na + Washing Na + -loaded RPAMV in Na + -free K + -Li + solution containing 1 mM ouabain at 37° C produced a transient contraction (t 1 /2 relaxation = 6.5 ±1.5 minutes, maximum force developed by 2.8 ± 0.5 minutes; Figure 1 ) equivalent to 83 ± 8% (n = 5) of the maximal force evoked by 140 mM K with 3 X 10~5 M norepinephrine (see Figure 3 ). Mitochondrial Na + was reduced by 77% of the Na + -loaded values to 212 mmol/kg dry wt after 5 minutes (Figure 1 ), in parallel with the 74% decrease in cytoplasmic Na + . 7 The rapid efflux of elevated Na + was accompanied by a massive accumulation of Ca 2+ by the mitochondria and also a significant increase in mitochondrial phosphorus and Mg 2+ (p<0.05, Figure 1 Figure 1) . Li + washing Na + -loaded RPAMV for 10 minutes resulted in a more pronounced decrease in mitochondrial Na + to 57 mmol/kg dry wt (94% loss, Figure 1 ) compared with values after 5 minutes of washing. Mitochondrial Ca 2+ increased to 329 mmol/kg dry wt (range 0 to 2,090 mmol/kg dry wt) after a 10-minute Li + wash, although this value was not significantly different from that observed at 5 minutes. Phosphorus increased to 675 (range 532 to 1,553 mmol/kg dry wt, p<0.0\), while mitochondrial Mg 2+ also increased (p<0.0l) above the 5-minute value to 93 mmol/kg dry wt (range 49-212 mmol/kg dry wt, Figure 1 ). The mitochondrial concentrations were not distributed normally with respect to Ca 2+ in this group (Figure 2 (Figure 3) . The response to Li + wash could be increased to a maximal contraction by the addition of 3 x 10~3 M norepinephrine at the time of peak tension development (data not shown). Mitochondrial Ca 2+ increased significantly to 23 mmol/kg dry wt (p<0.0\), but this increase was far less (p<0.00l) than the loading that occurred during Na washout at normal (1.2 mM) Ca 0 concentrations (Table 1) . Mitochondrial phosphorus also increased to 578 mmol/kg dry wt, which, again, was considerably below the levels achieved at 1.2 mM Ca (Table 1) . However, during washout in Ca 2+ -free (EGTA) solution, mitochondrial Mg did not increase in spite of the large rise in cytoplasmic Mg (Table 2) . (Table 1) .
Effect of Hypothermia on Mitochondrial Ca 2 * Loading During Na+ Washout
Reduction of the temperature to 2° C during the 10-minute Li + washout, following Na + loading for 3 hours at 37° C, prevented mitochondrial Ca 2+ , phosphorus, and Mg 2+ accumulation (Table 1) . Mitochondrial Na + decreased by only 50% to 450 mmol/kg dry wt from concentrations at the end of the Na + loading period ( Table 1) .
Effect of Ouabain
Ouabain (1 mM) had been included in all preparations described above to obtain maximum Na + efflux through pathways other than the Na + pump. The level of the already high Na + loading in K + -free solution was not influenced by ouabain. 7 However, during a 10-minute Li + wash without ouabain, the amount of Ca 2+ sequestered by the mitochondria was reduced by nearly 70% to 102 mmol/kg dry wt, compared with the value reached during a 10-minute wash with ouabain (p<0.05, Table 1 ). The loss of mitochondrial Na + in the absence of ouabain (Table 1) was similar to that which occurred when the 10-minute Li + wash contained ouabain (Table 1) . Cytoplasmic ionic composition was similar to that reported by Wasserman et al 7 for a 10-minute Li + wash containing ouabain (data not shown).
Reversal of Mitochondrial Ca 2 * Loading
The Ca 2+ , phosphorus, and Mg 2+ loading, evident at 10 minutes of Li + wash, was gradually reversed during continued incubation in Na + -free Li + wash (1.2 mM Ca 2+ , 1 mM ouabain) at 37° C for 30, 60, or 120 minutes (p<0.001, Figure 1 ). At 30 minutes, mitochondrial Ca 2+ loss (expressed as percent of the ion gain at 10 minutes) was 61%, phosphorus loss was 26%, while Mg 2+ was unchanged. At 60 minutes, mitochondrial Ca 2+ loss was 78%, phosphorus loss was 98%, and Mg 2 + loss was 63%. By 120 minutes, mitochondrial Ca 2+ , phosphorus, and Mg 2+ were within the normal range. Mitochondrial Na + fell to 15 mmol/kg dry wt by 30 minutes and then remained unchanged. There was no evidence of swollen mitochondria in these cryosections, suggesting that Ca 2+ loading did not cause gross damage to a portion of the mitochondrial population. Activation of the tissue with 140 mM K + 3 X 10" 3 M norepinephrine, following the 2-hour "unloading" period ( + 30 minutes Krebs equilibration), produced a normal, maximal contractile response ( Figure 3 ). uptake that accompanied Na + efflux from Na + -loaded smooth muscles into Li + solutions. Our observations also provide some information about the mechanisms involved in these processes and suggest that mitochondrial ion transport may have significant pathophysiologic effects on blood vessels.
The primary cause of mitochondrial Ca 2+ uptake was undoubtedly the increase in cytoplasmic free Ca 2+ that accompanies the increase in the total Ca 2+ load presented from the extracellular compartment. The increase in cellular Ca 2+ during massive Na + efflux into Li + solutions is not 1 imited to the mitochondria: cellular Ca 2+ in the sarcoplasmic reticulum and in the cytoplasm is also significantly increased under these experimental conditions. 7 Since mitochondria constitute approximately 5% of smooth muscle cell volume 31 9 and considering the total mitochondria] Ca 2+ content (329 mmol/kg dry mitochondria) at peak loading (Table 1) , the total cellular Ca 2+ at this time is over 20 mmol/kg dry wt, vastly in excess of the normal (approximately 3 mmol/kg dry wt) value. 20 The rate of mitochondrial Ca 2+ uptake, if simply averaged over the initial 5-minute period, is approximately 0.9 nmol mg/sec, still relatively low considering the maximal rate reached by the Ca 2+ uniporter in mitochondria isolated from vascular smooth muscle. 3 However, since mitochondrial Ca 2+ uptake is nonlinear and its rate deperids very strongly on free Ca 2+ ,,it is almost certain that this "averaged rate" is the net effect of higher rates, in the presence of high cytoplasmic Ca 2+ , which decrease with the fall in cytoplasmic Ca 2+ . Furthermore, given 2+ pumping also showed cell-to-cell variations. In fact, if the rate of mitochondrial Ca 2+ uptake is determined for the individual mitochondrion showing the greatest accumulation at 5 minutes, then uptake proceeds at a rate (5 nmol mg/sec) comparable to the maximum rate observed in mitochondria isolated from main pulmonary artery (12 nmol mg/sec) and mesenteric vein (4 nmol mg/sec). 3 The increase in phosphorus content was proportional to the mitochondrial uptake of Ca 2+ and Mg 2 + (Figure 1 , Table 1 ) and may reflect the association of the divalent cations with inorganic phosphates and, perhaps, adenine nucleotides. The formation of Ca 2+ phosphates probably reduces the potential rise in mitochondrial matrix free Ca 2+ and mitochondrial damage 21 (see below). The contractions evoked during the initial Na + washout also indicated that an increase in cytoplasmic Ca 2+ accompanied the net total Ca 2+ gain (Figure 1 ). These contractions were not maximal, even in the presence of 1.2 mM extracellular Ca 2+ , which led to massive mitochondrial Ca 2+ uptake. Significant mitochondrial Ca 2+ loading occurred even when extracellular Ca 2+ was reduced (to 0.2 mM), and the contraction accompanying Na + washout was only 61% of the maximal values (Figure 3) . The moderate to massive Ca 2+ loading observed in the presence of transient, submaximal contractions contrasts with the absence of any significant mitochondrial Ca 2+ uptake in portal vein smooth muscles (not Na + loaded) during maximal prolonged (30 minutes) contractions evoked by K + and norepinephrine. "- 20 In view of this observation, and the high apparent K^ (10-20 /u.M) of mitochondria for Ca 2+ , 3 as well as the submicromolar to low micromolar rises in cytoplasmic free Ca 2+ during contraction, 22 -24 the mitochondrial Ca 2+ uptake observed in the present study could reflect either the decreased sensitivity of the contractile apparatus to cytoplasmic [Ca 2+ ] or a mechanism of mitochondrial Ca 2+ uptake that potentiates or adds to that of the Ca 2+ uniporter. The former possibility is considered unlikely since norepinephrine, at the peak of the contractile response to 0.2 mM Ca 2+ -Li + wash, evoked an additional increase in tension. At least two not mutually exclusive mechanisms could account for mitochondrial Ca 2+ loading, even in the presence of a relative low concentration of free cytoplasmic Ca 2+ . The first possibility is a reverse operation of the mitochondrial Na + -Ca 2+ exchanger that, when operating in the "normal" mode, is responsible for the Na + -induced Ca 2+ release from mitochondria.
a -M If this were the case, our experiments would be the first to have demonstrated that this mechanism can operate in the reverse mode and mediate mitochondrial Ca 2+ uptake. The second mechanism that could contribute to mitochondrial Ca 2+ uptake in the presence of normal cytoplasmic free Ca 2+ is inhibition of the mitochondrial Ca 2+ efflux pathway, possibly by high intramitochondrial Na + . The average rate of the efflux pathway in our experiments (estimated from the loss of mitochondrial Ca 2+ between 10 and 30 minutes in Figure 1 ) is about 0.17 nmol/mg/sec, and rates as high as 0.3 nmol mg/sec have been measured in isolated mitochondria. 23 ' 26 Interestingly, the Ca 2+ efflux rate observed in our study in situ was 10 times faster than previously found in isolated mitochondria in the absence of Na*, 25 indicating that either Li + -Ca 2+ exchange (via the Na + -Ca 2+ exchanger 25 accounted for a significant portion of the observed efflux or much of the efflux proceeded via Na-independent pathways. 23 However, considering the low apparent K+2+ m (8 mM) of the heart mitochondrial Na + -Ca exchanger for Na + , residual cytoplasmic Na following the Li2 + wash (Figure 1 ) could have stimulated some Ca efflux in our system.
The primary event responsible for cellular Ca 2+ uptake and the consequent mitochondrial Ca 2+ loading is most likely to be the reverse mode operation of the plasma membrane Na + -Ca 2+ exchanger.
27
" 29 Ca 2+ uptake and contractions accompanying Na + efflux ascribed to this mechanism have been observed in a variety of smooth muscles.
2830 " 32 In fact, a rise in cytoplasmic free Ca 2+ appears to be a requirement for rapid removal of Na + from Na + -loaded smooth muscle. 33 The reduction of mitochondrial Ca 2+ uptake in the absence of ouabain (Table 1) , i.e., under conditions when Na + efflux can proceed via both the Na + pump and the ouabain resistant mechanism, 7 -33 was presumably due to the fact that a smaller proportion of Na + was leaving the cells via the plasmalemmal Na + -Ca 2+ exchanger.
The fact that relatively massive mitochondrial Ca 2+ loading was reversible and that it was completely inhibited when Na + efflux occurred at low temperatures may have clinical significance. The complete removal of over 300 nmol Ca 2+ /mg mitochondrial protein in less than 2 hours was accompanied by no evidence of permanent cell damage, either by the appearance of electron lucent, hyperpermeable cells 7 - 34 or by any reduction of the maximal contractile response ( Figure  3 ). These results, particularly if applicable to cardiac muscle, would imply that even severe mitochondrial Ca 2+ overloading may not cause irreversible mitochondrial uncoupling and cell death. Cell damage in smooth muscle, however, could also be minimized by the ability of these tissues to function glycolytically (for review, see Paul 33 ), and cardiac muscle, due to its dependence on aerobic metabolism, may be more vulnerable to mitochondrial Ca 2+ loading than smooth muscle. The absence of mitochondrial Ca 2+ loading during Li + washout at 2° C is presumably due to a reduction of Ca 2+ influx, albeit at the expense of slower Na + unloading (Table I) . 7 These observations, particularly if paralleled by similar events in cardiac muscle, would favor the use of hypothermia 36 (Table 2) , although in the former instance, mitochondrial Ca loading is less by an order of magnitude. Significant increases in mitochondrial Mg, in the absence of measurable changes in Ca, also occur in the liver of rats injected with vasopressin and glucagon, and it has been suggested that the monovalent ion permeability of mitochondria may be influenced by Mg .
Cytoplasmic free Ca
2+ also regulates the rate of ouabain-resistant Na + efflux from the cytoplasm and, in parallel, from the mitochondria. 7 -33 Therefore, if some of the mitochondrial Mg 2+ influx were driven by mitochondrial Na + efflux, inhibition of the latter could also explain the requirement for free Ca 2+ . However, 0.05 mM Ca 2+ -Li + wash permitted nearly the same rate of Na + efflux as 0.2 mM Ca 2+ -Li + wash, but without an increase in mitochondrial Mg 2+ ( Table 2 ). The mechanism of mitochondrial Mg 2+ uptake is unlikely to be passive, as indicated by the lack of such influx in smooth muscles in Ca 2+ -free solutions in which cytoplasmic but not mitochondrial Mg 2+ increased (Table 2) . A highly active, energy driven mitochondrial Mg 2 * transport system operates in mitochondria isolated from vascular smooth muscle. 42 The detailed mechanism of this transport system has not been determined, and one can only speculate that it may be Ca 2+ -dependent. The most important conclusion to be drawn from the present and similar observations showing changes in mitochondrial Mg 2+ in smooth muscle, 20 other cells (retinal rods), 43 and liver 40 (Figure 1) .
The removal of the mitochondrial (present study) and nonmitochondrial, cellular 7 Ca 2+ and Mg 2+ load during incubation in Na + -free Li + solutions suggests that Na + -Ca 2+ exchange per se is not essential for these ion fluxes. It is possible, however, that some of the divalent cation exchange occurred through the Na + -Ca 2+ carrier with Li + as a Na + substitute, albeit less effective.
44
Assuming that the surface membrane represents approximately 2.5% and the mitochondria 5% of cell weight, the estimated rate of Ca 2+ transport, averaged between 10 and 30 minutes washout, is approximately 333 /i,mol/kg dry surface membrane/sec. This finding is comparable to Ca 2+ transport achieved by the Ca 2+ -ATPase in isolated heart sarcolemma 45 but rather higher than rates obtained thus far in membranes isolated from smooth muscle. 46 In addition to the changes in Ca 2+ and Mg 2+ , significant changes in mitochondrial Na + , K + , and Cl~ also accompanied the sodium loading and unloading process. The changes in the monovalent ions paralleled the respective cytoplasmic concentrations and have been described in detail in a previous communication. 
